Introduction
As we increasingly recognize the complexity of the pollutants in indoor and outdoor microenvironments, a broad array of inhaled mixtures has assumed scientific, public health, and regulatory importance. For many of these mixtures, the respiratory tract is the sole or predominant portal of entry and the principal locus of injury. Some agents, however, such as volatile organic compounds, may not damage the lungs but affect other target organs after uptake and distribution. Few adverse effects of environmental pollutants are specific, that is, uniquely associated with a single agent. The association of mesothelioma with asbestos exemplifies a highly specific link of a single agent to a single disease. By contrast, bronchogenic carcinoma has multiple causes, including cigarette smoking, occupational agents, and radiation, which may interact in a synergistic fashion.
The adverse effects that might be considered in an investigation of the consequences of exposure to an inhaled complex mixture are generally nonspecific (Table 1) . Their causes potentially include not only pollutant exposures through the medium of inhaled air but other environmental agents, such as infectious organisms and radiation, and inherent characteristics of the exposed This manuscnipt was prepared as part of the Environmental Epidemiology Planning Project of the Health Effects Institute, September 1990-September 1992.
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persons, such as atopy. It is unlikely that any new investigational techniques will soon become available that will provide more specific indicators of pollutant effect. Thus, investigative approaches should be developed with acknowledgment ofthe nonspecificity of the usual outcome measures.
Past investigations of outdoor and indoor air pollution incorporated the outcome measures listed in Table 1 (1-3). Descriptive studies of community morbidity and mortality used such routinely collected data as death counts or death rates, hospitalization or emergency room visit rates, and absenteeism rates. In some investigations, categories of respiratory diagnoses were selected as outcome measures. Communitybased epidemiologic studies of both crosssectional and longitudinal design typically included assessment of respiratory symptoms using standardized questionnaires and of lung function using spirometry or peak flow measurement. A few investigations added measurements of nonspecific airways responsiveness, using challenge with a pharmacologic agent or cold air.
The extensive experience gained with these approaches for outcome assessment clearly documents the lack of specificity of the measures used at both the community and individual levels. Cause-specific mortality rates, for example, vary with disease prevalence and severity, patterns of medical care usage, and death certificate coding. Respiratory symptoms have multiple determinants. For example, a mother's report that a child has a chronic cough might reflect the presence of underlying airways hyperresponsiveness, an effect of parental smoking, persistent symptoms after a recent lower respiratory tract infection, and bias because the mother has a cough. Cross-sectionally measured reduction of lung function might be produced by obesity, cigarette smoking, or past occupational exposures.
In this paper, we review the outcome measures used in epidemiologic studies of the health effects of single pollutants and complex mixtures. In the context of this paper, we will refer to binary mixtures as complex, though we realize that a more precise definition of complexity would restrict the term to mixtures of three or more constituents. The emerging research on use of biomarkers is discussed elsewhere in these proceedings.
Conventional Outcome Measures Introduction
This section reviews the outcome measures that might be used in assessing the health effects of complex mixtures of current concem. For the principal outcome measures, we briefly consider pathophysiologic mechanisms, accuracy, and potential sources ofbias.
Overali and Cause-Specific Mortlity
From the 1930s through the 1950s, episodes of excess mortality at times of extremely high outdoor air pollution provided dramatic evidence that air pollution can cause excess deaths (1 ) . While overall mortality rates increased during these episodes, the excess deaths tended to be placed into cause-ofdeath categories for cardiovascular and respiratory diseases. Although such dramatic air pollution episodes are now infrequent in most developed countries, research continues on the effects of outdoor pollutants on overall and cause-specific mortality.
In investigations of air pollution and mortality, routinely collected vital statistics data for specific geographic areas are used as the health outcome measures, while air pollution exposure of the areas' residents is estimated from outdoor monitoring sites assumed to be representative for the populations. Association between mortality rates and pollutant levels is generally assessed using regression methods. For example, Schwartz Misclassification of the underlying cause of death by death certificate designation has been well documented (6); accuracy of cause-specific mortality data is influenced potentially by the extent of the population's contact with medical care, the diagnostic acumen of clinicians in the study areas, the accuracy of information on the death certificate, and the rate of error in coding the death certificate to a particular cause of death. Because of recent concern about increasing asthma mortality, the validity of death certificate designation of deaths as due to asthma has been examined in several countries (7) . However, while the validity of death certificate data on respiratory cancer has been specifically evaluated (8) , comprehensive assessments of the quality of death certificate data for other major chronic respiratory diseases and for acute respiratory infections have not been performed. Misclassification of the underlying cause of death in vital statistics data would be anticipated to occur randomly in relation to the level of pollutant exposure. Such random misclassification attenuates exposure-response relations and reduces the statistical power of an investigation to detect an effect of pollution.
All-cause and cause-specific mortality rates are also nonspecific outcome measures. Mortality rates vary with the background distribution of risk factors determining the incidence of disease and with the survival rate of those who have developed disease. Thus, assessments of the effects of air pollutants on mortality can be sharpened if these other factors can be considered in data analysis.
Indices of Morbidity
Epidemiologic studies of the health effects of air pollution have incorporated diverse indices of general morbidity, including absenteeism from school and work; days of restricted activity spent at home; and rates of utilization of outpatient medical facilities, of visits to emergency rooms, and of hospitalization (1, 9) . For example, in an investigation in Steubenville, Ohio, the relation between the numbers of visits made to the principal hospital's emergency room and daily air pollution levels was assessed (10) . Like mortality rates, the general morbidity indices are nonspecific and subject to misclassification.
Respiraory Infections
Diverse microorganisms can cause respiratory tract infections, including mycoplasma, viruses, bacteria, and fungi (11) . The spectrum of infecting organisms and of clinical manifestations vary from infants through the elderly (12) . Research on air pollution and respiratory infection has focused largely on infants and younger children. Children, particularly infants, have been considered susceptible to inhaled pollutants because their lungs are maturing and rates of respiratory infection in this age group are the highest of any (12, 13) .
The occurrence of respiratory infections can be monitored using subject reports of symptoms or illnesses or by using inpatient and outpatient records of clinical facilities. The usual clinical respiratory illness syndromes include upper respiratory tract infections ("colds"), otitis media, and lower respiratory illnesses; the latter category includes croup, tracheobronchitis, bronchiolitis, and pneumonia (11 (19, 20) . Nevertheless, studies of both indoor and outdoor air pollution have used indices of respiratory infection derived from clinical encounters (11, 21) . However, confounding may be introduced into studies using such clinical indices, because both pollution exposure and patterns of health care utilization may be associated with demographic and socioeconomic factors that also determine illness rates (11 For pollutants with quickly changing concentrations and mechanisms of action associated with acute symptom responses, short-term longitudinal studies, often called "panel studies," may be carried out to examine the relation between pollutant levels and symptom occurrence on the time scale of a day or less. Typically, symptom status is tracked by asking subjects to complete a diary that covers such items as the occurrence of cough, sputum production, wheezing, sore throat, hoarseness, and fever (25) . In studies involving controlled laboratory exposures, asthmatics are more susceptible to a number of inhaled pollutants than nonasthmatics (26) . The diary approach has been applied to investigate the health effects of pollutant exposure on asthmatics and also on patients with chronic obstructive pulmonary disease in the community setting (27, 28 (30) . These recommendations cover specifications for spirometers, testing protocols, and test interpretation. Data collected following these recommendations and using proper equipment have small within-subject variability (23, 31) . In a few studies, other types of measurements have been made, including the single breath nitrogen test (31) . However, these tests, as well as other types of testing used in clinical pulmonary function laboratories, have greater variability than spirometric measures of lung function, and the equipment is more complex and expensive than a simple spirometer.
Spirometry provides measurements of the forced vital capacity (FVC), the total amount of exhaled air, as well as the volume of air exhaled in the first second (FVC1) or at other time points. A spirometer integrated with a microprocessor can measure flow rates at various lung volumes. These spirometric measures are sensitive to processes impairing ventilatory function of the lung, but injury cannot be inferred at specific anatomic loci because of particular patterns of abnormality of spirometric parameters (32) . However, abnormalities of flow rates at lower lung volumes are associated with adverse effects on the small airways of the lung (31) .
Although spirometry has proven effective for community-based studies, it cannot be used readily in large numbers of subjects to track function on a day-to-day basis. In many studies investigating the relation between short-term variation in lung function and pollution exposure, peak expiratory flow rate (PEFR) has been measured using portable and inexpensive instruments that can be used by subjects themselves. Peak expiratory flow rate measurement takes only a few minutes and can be performed at multiple times throughout the day; measurements can be made before and after episodes of exposure. Accurate measurement of PEFR requires calibration of the peak flow meters and standardized protocols for subject training and data collection (33, 34 Finally, subacute or chronic effects relate to discomfort, and complaints of headache, drowsiness, and changes in eye and nose liquids, odor threshold, performance, and mood. These latter signs can be assessed objectively with a variety of diagnostic techniques. For example, eye dryness can be assessed by the time required to dear a fluorescein dye placed in the eye (42) . Change in pulmonary function over the course of the day, a commonly used measure in assessing occupationally related respiratory diseases, also has been used to assess the more toxic irritations seen in indoor air exposures.
Specific Examples Environmental Tobacco Smoke and Nitrogen Dioxide
Environmental tobacco smoke and nitrogen dioxide (NO2) are highly prevalent indoor exposures; slightly less than half of U.S. homes have gas cooking ranges and ovens, the principal sources of NO2 indoors, and about 40% of U.S. homes have at least one adult smoker (2) . Environmental tobacco smoke itself is a complex mixture, representing the combination of sidestream smoke with exhaled mainstream smoke (21, 43) . Its components include irritants, inflammatory agents, and carcinogens. Exposure to environmental tobacco smoke has been associated with increased lower respiratory tract infections in young children, increased respiratory symptoms and reduced lung growth in children, and lung cancer in adults who have never smoked (21, 43) . Nitrogen dioxide, an oxidant gas, also might increase rates of respiratory infection through adverse effects on respiratory defense mechanisms and, by causing airways inflammation, produce respiratory symptoms and reduce lung function (44 The outcome of concern, lung cancer, comprises a heterogeneous group of malignancies from the histologic perspective; four major types account for the majority ofcases: squamous carcinoma (30%), adenocarcinoma (25%), small-cell carcinoma (20%), and large-cell carcinoma (15%) (48, 49) . In never-smokers, adenocarcinoma is the most common histologic type, but all types may occur. Radon-exposed underground miners have an increased frequency of small-cell, but this proportion declines as the interval since the start of exposure lengthens (46) . Newer techniques of cellular and molecular biology have not provided more sensitive techniques for linking specific exposures to specific types oflung cancer yet.
A case-control study could be designed to address interaction between environmental tobacco smoke and radon. Interpretation might be douded, however, by the present impossibility of assuring that some degree of disease misclassification is not present.
Acid Aewols and Ozone Outdoors
Both acute and chronic effects of mixtures of acid aerosols and ozone can be anticipated from the known chemistry of these agents. Clinical chamber exposure studies suggest that physiologic changes suggestive of inflammation of the airway can occur after acute exposure to ozone (50) . Animal studies of aerosols of H2SO4 suggest changes in dearance ofpartides, which increase as exposure increases (51) . Most of the efforts to assess the combined exposure to ozone and H2SO4 have not shown synergistic effects; however, in some studies, a combined effect ofthe two agents is apparent (52) .
To address these two agents in acute studies requires the use of panels of subjects exposed over time, with repeated studies of conventional outcomes, including symp 
